ABSTRACT The chicken yolk sac (YS) and small intestine are essential for nutrient absorption during the pre-hatch and post-hatch periods, respectively. Absorptive enterocytes and secretory cells line the intestinal villi and originate from stem cells located in the intestinal crypts. Similarly, in the YS, there are absorptive and secretory cells that presumably originate from a stem cell population. Leucine-rich repeat containing G protein-coupled receptor 5 (Lgr5) and olfactomedin 4 (Olfm4) are 2 widely used markers for intestinal stem cells. The objective of this study was to map the distribution of putative stem cells expressing LGR5 and OLFM4 mRNA in the chicken small intestine from the late embryonic period to early post hatch and the YS during embryogenesis. At embryonic d 11, 13, 15, 17, and 19, the YS was collected (n = 3), and small intestine was collected at embryonic d 19, d of hatch (doh), and d 1, 4, and 7 post hatch (n = 3). Cells expressing OLFM4 and LGR5 mRNA were identified by in situ hybridization. In the YS, cells expressing only LGR5 and not OLFM4 mRNA were localized to the vascular endothelial cells lining the blood vessels. In the small intestine, cells in the intestinal crypt expressed both LGR5 and OLFM4 mRNA. Staining for OLFM4 mRNA was more intense than LGR5 mRNA, demonstrating that Olfm4 is a more robust marker for stem cells than Lgr5. At embryonic d 19 and doh, cells staining for OLFM4 mRNA were already present in the rudimentary crypts, with the greatest staining in the duodenal crypts. The intensity of OLFM4 mRNA staining increased from doh to d 7 post hatch. Dual label staining at doh for the peptide transporter PepT1 and Olfm4 revealed a population of cells above the crypts that did not express Olfm4 or PepT1 mRNA. These cells are likely progenitor transit amplifying cells. Thus, avians and mammals share similarity in the ontogeny of stem cells in the intestinal crypts.
INTRODUCTION
During incubation, the developing chick embryo is dependent on the yolk and other egg contents for its nutrients. These nutrients, which are absorbed through the yolk sac (YS), are critical for embryonic growth and development. In the first wk of incubation, endodermal cells advance from the developing gut of the embryo and gradually spread over the surface of the yolk (Patten, 1971; Mobbs and McMillan, 1979) . Thus, the intestine and YS form a contiguous tissue. Concomitant with the increase in endodermal area, mesodermal and ectodermal layers also form, generating 3 distinct regions of the YS known as the area pellucida, area vasculosa, and area vitellina. In the area vasculosa, columnar endodermal cells are responsible for nutrient C 2017 Poultry Science Association Inc. Received June 27, 2017. Accepted October 10, 2017. 1 Corresponding author: ewong@vt.edu digestion and absorption, while mesodermal cells are important for hematopoiesis and vasculogenesis (Sheng, 2010) . Around embryonic d 15, the area vasculosa shows upregulation of nutrient transporters (Yadgary et al., 2011 (Yadgary et al., , 2014 Speier et al., 2012) . At the end of the embryonic period, the YS begins to degrade as the yolk is drawn into the abdominal cavity.
During the post-hatch period, the chicken gastrointestinal tract plays a critical role for nutrient metabolism. The small intestine is a major site for secretion of digestive enzymes and endocrine hormones and for nutrient absorption. The multiple functions of the small intestine are due to the combined actions of different cell types along the small intestinal villi. In contrast to the YS, the various functions of each epithelial cell type in the small intestine have been described in detail. In the mammalian model, epithelial cells of the villus originate from stem cells located in the intestinal crypt (reviewed in Clevers, 2013; Barker, 2014; Carulli et al., 2014) . Intestinal stem cells can divide to generate either more stem cells or a population 628 of cells that will become differentiated cells, such as enterocytes, enteroendocrine cells, Paneth cells, or goblet cells. The majority of the cells along the intestinal villi are enterocytes, which are associated with digestive and absorptive functions. Paneth cells are located in the intestinal crypt rather than along the intestinal villi. There are also proliferating transit-amplifying (TA) cells located between the intestinal crypt cells and mature enterocytes, which serve as intermediate progenitor cells.
Leucine-rich repeat containing G protein-coupled receptor 5 (Lgr5) is an important intestinal stem cell marker involved in the Wnt signaling pathway, which is important in mediating the differentiation of intestinal stem cells (Haegebarth and Clevers, 2009) . Different from other Wnt related genes, Lgr5 is expressed exclusively in the intestinal stem cells, but not in Paneth cells in the crypt (Barker et al., 2007) . Lgr5 also has been found to be expressed in the cycling stem cells in the adult stomach, intestine, hair follicle, and some mammalian glands (Jaks et al., 2008; Vries et al., 2010; Kemper et al., 2012; Wu et al., 2013) , which indicates its global stem cell function during the postnatal stage. Recently, Lgr5 was shown to be associated with hematopoiesis in fetal and adult livers, suggesting that Lgr5 was a marker for hematopoietic stem cells (Liu et al., 2014) . The relatively low expression of Lgr5, however, limits its use. Olfactomedin 4 (Olfm4) is an intestinal stem cell marker that is strictly expressed in the intestinal crypt at a much greater level than Lgr5 and thus is a more robust intestinal stem cell marker (Schuijers et al., 2014) . Olfm4 is a secreted protein that is involved in many cell signaling pathways related to cell proliferation, regeneration, and apoptosis (Liu and Rodgers, 2016) .
Although much is known about stem cells in the mammalian small intestine, little is known about stem cells in the intestine and YS of chickens. The objective of this project was to identify and localize by in situ hybridization putative stem cells expressing LGR5 and OLFM4 mRNA in the YS and intestine during embryogenesis and the early post-hatch period.
MATERIALS AND METHODS

Animals and Tissue Collection and Processing
Cobb 500 eggs were obtained from a local hatchery (Cobb Vantress, Wadesboro, NC), transported to Virginia Tech, and incubated at 38.5
• C. All animal procedures were approved by the Virginia Tech Institutional Animal Care and Use Committee. On embryonic d 11 (e11), e13, e15, e17, and e19, eggs were opened, and embryos were killed by cervical dislocation. The YS (n = 3) was collected at these d, and intestine (n = 3) was collected at only e19. At d of hatch (doh), chicks were killed by cervical dislocation, and the YS and intestine were collected (n = 3). The remainder of the chicks were placed into a pen with ad libitum access to water and a standard corn-soybean starter diet. At d 1, d 4, and d 7 post hatch, small intestine was collected from chicks (n = 3).
For tissue processing, the YS was removed and rinsed in phosphate buffered saline (PBS) to remove yolk contents, and a sample was collected from the area vasculosa. The intestine was separated into duodenum, jejunum, and ileum and then rinsed in PBS to remove the intestinal contents. The area vasculosa and small intestinal segments were fixed in 10% neutral buffered formalin (Thermo Fisher Scientific, Waltham, MA) for one d and then stored in 70% ethanol prior to embedding in paraffin (Histo-Scientific Research Labs Inc., Mount Jackson, VA). Sections (4 to 6 μm) were cut with a microtome (Microm HM 355S, Thermo Fisher Scientific, Waltham, MA).
In situ Hybridization Analysis
In situ hybridization (ISH) was performed using the RNAscope (Advanced Cell Diagnostics, ACD, Newark, CA) method as described by Wang et al. (2012) . Singleplex probes for OLFM4 and LGR5 mRNA and multiplex probes for the peptide transporter PEPT1 and OLFM4 mRNA were custom designed by ACD. For intestinal tissue, RNAscope assays using singleplex probes or multiplex probes for dual labeling were performed with the RNAscope 2.5 HD Assay-BROWN or RNAscope 2.5 HD Duplex Assay, respectively, following the manufacturer's instructions. After processing, slides were stained for 2 min with 50% Gill #2 hematoxylin solution (Sigma Aldrich, St Louis, MO), rinsed in distilled water, and placed in 0.02% ammonia water until the stain turned from purple to blue. After the slides were dehydrated in a graded series of ethanol (70, 95, and 95%) for 2 min, each followed by xylene for 5 min, the samples were air dried. A few drops of Clear Mount solution (American Master Tech Scientific, Inc, Lodi, CA) were placed on the tissue and sealed with a coverslip. Images were captured under bright field with a Nikon Eclipse 80i microscope and DS-Ri1 digital camera.
For the YS, singleplex probes were used with the RNAscope 2.5 HD Assay-RED, because the red chromogen is more sensitive and better for detection of low abundance mRNAs. The manufacturer's instructions were followed with the following modifications. Because the YS is a thin, fragile membrane, the time that the sample was boiled during target retrieval was reduced from 15 min to 5 minutes. After hematoxylin treatment, the samples were dried at 60
• C prior to dehydration in xylene. The graded series of ethanol step was omitted.
RESULTS
ISH was used to identify cells that express OLFM4 and LGR5 mRNA. Representative images of cells LGR5 mRNA in the intestine from late embryogenesis to early post hatch using in situ hybridization. Tissue samples were collected from duodenum (Duo), jejunum (Jej), and ileum (Ile) at embryonic d 19 (e19), d of hatch (doh) and post-hatch d 1 (d1), 4 (d4), and 7 (d7). Samples were fixed in formalin, embedded in paraffin, and analyzed by in situ hybridization. A. Cells expressing OLFM4 mRNA (brown staining) were detected using RNAscope 2.5 HD Assay-BROWN. B. Cells expressing LGR5 mRNA (red staining) were detected using RNAscope 2.5 HD Assay-RED. Images were captured using 200x magnification. The images in the inserts are 400x magnification. The tissues were counterstained with 50% hematoxylin. The scale bar represents 0.1 mm.
expressing OLFM4 mRNA (brown staining) in the duodenum, jejunum, and ileum at e19, doh, d 1, d 4, and d 7 post hatch are shown in Fig. 1A . At e19, OLFM4 mRNA was detected in cells at the base of the intestinal villi in the duodenum and jejunum, which is the site of the developing crypts. In the ileum, only a few cells at the base of the villi expressed OLFM4 mRNA. Qualitatively, at e19, the numbers of cells expressing OLFM4 mRNA in the crypt were greatest in the duodenum, moderate in the jejunum, and lowest in the ileum. In addition, there was an increase in intensity of staining for OLFM4 mRNA with developmental age from doh until d 7. There was no obvious difference in OLFM4 mRNA staining between intestinal segments at d 4 and d 7.
Expression of LGR5 mRNA in the duodenum, jejunum, and ileum at e19, doh, d 1, d 4, and d 7 post hatch is shown in Fig. 1B . The red chromogen was used for ISH because of its increased sensitivity. The pattern for LGR5 mRNA staining was similar to that for OLFM4 mRNA (Fig. 1A) . Cells expressing LGR5 mRNA were located in the intestinal crypts and increased from e19 to d 7. There was less intense staining for LGR5 mRNA than OLFM4 mRNA.
Dual label ISH for OLFM4 and the peptide transporter PEPT1 mRNA in the chicken small intestine at doh is shown in Fig. 2 . The PEPT1 mRNA-expressing cells are distributed from the middle to the tip of the intestinal villus (blue-green staining) and mark absorptive cells, while OLFM4 mRNA-expressing cells are localized in the intestinal crypts (red staining). There were cells located above the crypts that did not express PEPT1 or OLFM4 mRNA. These cells are likely the intermediate progenitor TA cells. This was most obvious in the duodenum and jejunum and less apparent in the ileum. In addition, the mucin-producing goblet cells are clearly identified as non-PepT1-expressing cells along the intestinal villi.
The YS is a multi-functional organ that contains a variety of differentiated cells. The location of putative stem cells expressing LGR5 or OLFM4 mRNA was determined for e11 to e19. There were no cells staining for OLFM4 mRNA in the YS (data not shown). Cells staining for LGR5 mRNA (red staining) were present among the vascular endothelial cells lining the blood vessels from e11 until e17 (Fig. 3) . At e19, as the YS was beginning to degrade, cells expressing LGR5 mRNA became focused into small clusters of cells surrounding the collapsing blood vessels.
DISCUSSION
Because the intestine and YS form a contiguous structure and serve a similar function for nutrient uptake, similarities or differences in expression of the intestinal stem cell marker genes OLFM4 and LGR5 were investigated in both tissues. In the YS, there was no staining for OLFM4 mRNA, while staining for LGR5 mRNA was localized to the vascular endothelial cells surrounding the blood vessels. Nagai and Sheng (2008) used a beta A globin-specific probe to mark definitive erythrocytes and showed staining of clusters of cells adjacent to arteries associated with venous vessels in the YS. They concluded that one source of definitive erythrocytes was the existing endothelial vascular cells. Samokhvalov et al. (2007) showed that YS cells that express Runx1, which is an important gene for establishment of the definitive erythropoietic system, colonize the aorta-gonad-mesonephros region. Liu et al. (2014) reported that Lgr5 was able to mark hematopoietic stem and progenitor cells in the aortagonad-mesonephros region of mouse embryos. Thus, it is possible that the vascular endothelial cells expressing LGR5 mRNA in the chicken YS are also hematopoietic stem cells.
The YS contains a number of differentiated cells that are important for the uptake of yolk macromolecules such as fat, amino acids, and sugars (Bauer et al., 2013; Yadgary et al., 2014) . Using ISH, Zhang and Wong (2017) identified absorptive epithelial cells in the YS that express mRNA for the peptide transporter PepT1. Recently, transcriptome analyses of the YS in human, mouse, and chicken revealed that the nutrient absorption function of the YS epithelium is conserved in different species (Cindrova-Davies et al., 2017) . Thus, the ontogeny of these absorptive cells in various species may be similar; however, it has not yet been shown that Lgr5 + cells are precursors for absorptive cells in chickens.
At doh, the small intestinal crypts are rudimentary and contain only a few cells (Uni et al., 2000) . We observed cells expressing OLFM4 mRNA at the base of the villi at e19, with greater staining for OLFM4 mRNA in the duodenum than ileum. At this age, the intestinal crypts have not formed; however, cells that express OLFM4 mRNA and are presumably intestinal stem cells are already present. The number of cells expressing OLFM4 mRNA increased from e19 to doh as the crypts further developed. Although the crypts are rudimentary at doh, putative stem cells expressing OLFM4 mRNA are already present.
The pattern of LGR5 and OLFM4 mRNA-expressing cells was similar at d 7 with both markers identifying cells in the crypt. There was more intense staining for OLFM4 than LGR5 mRNA. This result is consistent with the ISH results for LGR5 and OLFM4 mRNA in the mouse small intestine (Schuijers et al., 2014 ). These results demonstrate that Olfm4 is a more robust marker for intestinal stem cells than Lgr5 in both mammals and avians. In mammals, Lgr5 marks stem cells in tissues other than intestine, such as the stomach, intestine, hair follicle, and tongue (Barker et al., 2007; Jaks, et al., 2008; Kemper et al., 2012; Yee et al., 2013) , while Olfm4 plays multiple roles in innate immunity, inflammation, and cancer (Liu and Rodgers, 2016) . Qualitatively, there was an increase in the number of cells expressing OLFM4 mRNA from d 1 to d 4, which would coincide with the time that there was an increase in villus area, villus height, and crypt depth (Uni et al., 1999) . During this time, an active population of stem cells would be needed to supply enterocytes for villus elongation.
Based on the mammalian model developed from rodent studies, Paneth cells are interspersed with stem cells in the crypts (Clevers, 2013; Barker, 2014; Carulli et al., 2014) . Paneth cells produce antimicrobial products, such as lysozyme and cryptdins/defensins, and are important for development of Lgr5-expressing stem cells (Sato et al., 2011) . Paneth cells, however, do not express LGR5 mRNA, and thus there is a clear alternating pattern of Lgr5 + stem cells and Lgr5 − Paneth cells in the intestinal crypts (Barker et al., 2007; Sato et al., 2011; Clevers, 2013) . In our chicken study, all cells in the crypt expressed LGR5 or OLFM4 mRNA, suggesting the absence of Paneth cells that do not express LGR5 mRNA. The existence of Paneth cells in the chicken remains controversial. Nile et al. (2004) showed that there was mRNA expression of lysozyme c, which is a widely used marker of Paneth cells, in 5-day-old chicks but not in 17-or 38-day-old chickens, suggesting the absence of Paneth cells in older chickens. In contrast, Wang et al. (2016) showed by electron microscopy and staining with phloxine-tartrazine that cells in the intestinal crypts contained granules, which are characteristic of Paneth cells. In addition, cells in the crypt were shown by ISH to express mRNA for lysozyme c.
The identification of cells expressing PEPT1 or OLFM4 mRNA in the small intestine revealed a population of cells located between stem cells in the crypts and enterocytes along the villus, which expressed neither PEPT1 nor OLFM4 mRNA. Based on the mammalian villus/crypt model, these cells are likely TA cells, which are a population of intermediate progenitor cells that arise from stem cells and later differentiate into specific cell types (Carulli et al., 2014) . This suggests that chickens and mammals share the same pathway from stem cell to progenitor TA cells to mature absorptive cells. Uni et al. (2000) previously identified proliferating cells in the intestinal villi of post-hatch chickens using proliferating cell nuclear antigen (PCNA) and 5-bromo-2-deoxyuridine (BrdU) assays. They found proliferating cells that were located along the intestinal villi and crypts around 2 h post hatch, which gradually migrated to the tip of the intestinal villi at d 1 post hatch. Thus, the TA cells we identified likely represent only one population of proliferating cells in the chicken intestinal villus/crypt.
In summary, expression of LGR5 but not OLFM4 mRNA in the YS was localized to endothelial cells that line the blood vessels, which may be hematopoietic stem cells. In contrast, cells in the intestinal crypts expressed both LGR5 and OLFM4 mRNA, with Olfm4 acting as a more robust marker than Lgr5. Different from mammals, all cells in the intestinal crypt of chickens expressed LGR5 and OLFM4 mRNA, indicating the absence of Paneth cells, which express neither gene. In addition, there was a population of progenitor TA cells that were located between the Olfm4/Lgr5-expressing crypt cells and the PepT1-expressing absorptive cells and expressed neither OLFM4 nor LGR5 mRNA. Thus, there are similarities and differences between the organization and development of cells in the mammalian and chicken villus and crypt.
